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ABSTRACT
This thesis presents fabrication, characterization and initial results of vertically aligned
carbon nanofibers (VACNF)-based electrodes for use as electrochemical sensors. VACNFs are
nanostructures that can be fabricated to the desired specifications using a plasma-enhanced
chemical-vapor deposition process and are ideal candidates for electrode material because of
their excellent electrical and structural properties. The first step of the fabrication of VACNFs on
silicon substrates involved photolithography to pattern the interconnects and the catalysts (nickel
dots). VACNFs were then grown on silicon substrates from the nickel catalysts, whose size
determines the growth of a single nanofiber or a forest of nanofibers. This work presents a
method for growth of nanofiber forest for redundancy and uniform vertical growth.
A reservoir was built around the nanofibers to keep the liquid samples in contact with the
nanofibers during testing. Nanofiber electrodes were characterized electrochemically using
ruthenium hexamine trichloride to ensure proper functionality. The biosensor is customizable to
selectively detect various elements or compounds depending on the binding materials used on
the nanofibers. One example of a sample that can be detected with VACNF electrodes is glucose.
The enzymes, horseradish peroxidase and glucose oxidase, were applied to the nanofibers and
were immobilized for the testing of glucose. The reference electrode of the electrochemical
analyzer was inserted into the reservoir containing the glucose and multiple analyses were
performed. The nanofiber electrodes were able to collect the electrons from the electrochemical
reactions of glucose and the enzymes. Amperometric data was gathered for the oxidation and
reduction potentials and the current was measured as a function of the glucose concentration.
Vertically aligned carbon nanofibers fabricated on silicon substrates are ideal electrodes
for integration with silicon compatible structures such as complementary metal-oxidevi

semiconductor (CMOS) microelectronics based transmitting and signal processing integrated
circuits.
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CHAPTER 1 –
INTRODUCTION

1.1 Overview
Vertically aligned carbon nanofibers (VACNF) can be used as highly sensitive sensors
for chemical compounds, biomolecules, or other elements. The sensors can be used for cancer
cell research, safeguarding against bioterrorism activities, toxicology, environmental monitoring
of hazardous materials and gases and research involving metabolic diseases such as diabetes.
These sensors are easily customizable by simply changing the binding materials or
enzymes. The electrochemical reactions that occur on the exposed fibers can measure the change
in current and concentration. Because nanofibers are fabricated on silicon, they could be
integrated with complementary metal-oxide-semiconductor (CMOS) microelectronics based
transmitting and signal processing circuits. If the microelectronic circuitry and the sensors can be
merged onto a single chip, it would be an ideal and portable setup for a lab-on-a-chip device.
One example of a detectable compound is glucose, which can be sensed by using
vertically aligned carbon nanofibers combined with the enzymes which are horseradish
peroxidase and glucose oxidase. Electrochemical analyzers can be used to collect data by cyclic
voltammetry, differential pulse voltammetry, and amperometric current versus time (i-t) curves.
The fabrication of these particular vertically aligned carbon nanofibers for this research
was performed at Oak Ridge National Laboratory using plasma-enhanced chemical-vapor
deposition (PECVD). The fabrication steps are presented within chapter three. Because the
samples under test are liquid, the reservoirs were fabricated around the carbon nanofibers to keep
1

the liquid in contact with the nanofibers. During the fabrication, scanning electron microscope
images and data were taken to ensure proper nanofiber growth.
The sensors were tested using ruthenium hexamine trichloride to ensure that the
nanofibers were working properly. This characterization scheme was employed in this work
because ruthenium hexamine trichloride has clear oxidation and reduction peaks when tested
using cyclic voltammetry. Because the carbon nanofibers are customizable, depending on the
binding materials, glucose was selected as an example to demonstrate the functionality of the
nanofiber sensors. Tests such as cyclic voltammetry, differential pulse voltammetry, and
amperometric i-t curves were performed using glucose and the test results validate the
functionality of the vertically aligned carbon nanofibers as biosensors.

1.2 Carbon Nanofibers and Nanotubes
Over a century ago, a patent was published describing carbon filaments formed in an iron
crucible due to the gases containing carbon. The material likely was made of nanofibers in a
large group but the individual fibers were unseen because electron microscopy with high
resolution had not yet been developed. In 1952 transmission electron micrograph images were
taken of the nanofibers (“soot particles”). Carbon filaments were made with hydrocarbons and
gases using iron, cobalt, and nickel in the 1950s. Through the next twenty years the undesirable
creation of carbon deposits in industry and the nuclear industry drove the interest in nanofiber
growth studies [1]. Buckminsterfullerene (C60) was studied in 1985 [2] and the arc-discharge
synthesis of the C60 forms carbon nanotubes which were presented by Iijima [3]. These
discoveries lead to the interest in carbon nanofibers and nanotubes. These were further developed
2

in the 1990s due to the control (location, diameter, length, composition, quantity, etc.) offered by
the catalytic plasma-enhanced chemical-vapor deposition (PECVD) method [1].
One example of the application of the vertically aligned carbon nanofibers is as an
electrochemical biosensor for alcohol detection. Specific enzymes were immobilized by
adsorption and covalent attachment to the carbon nanofibers and amperometric measurements
were taken to detect the alcohol by the electrochemical reaction [4,5].
Vertically aligned carbon nanofibers have been used as sacrificial nanostructures to
develop nanoscale pipes (“nanopipes”) for fluidic transportation [6]. Differently, the VACNF
themselves can be contained within an open fluidic channel and used as electrodes. This
combination of microfluidics and carbon nanofiber electrode can lead to the realization of labon-a-chip devices for bringing the liquid sample under test to the nanofibers [7].
VACNF sensors can be integrated with complementary metal-oxide-semiconductor
(CMOS) microelectronics to realize lab-on-a-chip devices. The CMOS circuit takes the analog
current and transmits a square wave signal proportional to the sensor current [8]. Since VACNFs
are fabricated at high temperatures (above the CMOS maximum of 200°C), direct growth of the
nanofibers on the CMOS is not feasible. However, the nanofibers can be grown separately and
transferred onto the CMOS circuit [9]. Vertically aligned carbon nanofibers can also be used in
field emission devices [10].

1.3 Glucose Biosensors
The glucose biosensors were proposed in 1962 with the glucose oxidase enzyme and an
oxygen electrode. The glucose concentration was proportional to the oxygen concentration [11].
3

This was simplified by stabilizing the glucose oxidase by immobilizing it on a polyacrylamide
gel on an oxygen electrode [12,13]. Early glucose meters were used primarily only in clinical
laboratories because of the fabrication cost. Interfering species and medicines were studied to
minimize their interference in the late 1980s. Improvements replaced the oxygen with redox
mediators that carried the electrons to the electrode to measure an amperometric signal. A selfmonitoring electrochemical blood glucose monitor with screen-printed strips came out in 1987.
Most meters today are similar or based on those meters. A majority of today’s commercial
glucose meters have a range of 0.5-33.3 mM (10-600 mg/dL) [11].

1.4 Thesis Organization
Chapter 2 discusses electrochemical sensors, the sensors that can be built using carbon
nanofibers, silicon-compatible sensors, and the customizability of carbon nanofibers as a sensor.
It also presents electrochemical analyzer information and the reactions for glucose. Chapter 3
discusses layout and fabrication of the carbon nanofibers samples. It also presents experimental
process and testing setup. Chapter 4 discusses the scanning electron microscope images and data.
It also presents the results taken from the carbon nanofiber biosensors during the testing with
ruthenium hexamine trichloride and glucose. Chapter 5 presents the conclusions and discusses
the future work.

4

2

CHAPTER 2 –
BACKGROUND

2.1 Electrochemical Sensors
2.1.1

Types of Electrochemical Sensors
Potentiometric sensors measure the potential difference between the two electrodes.

Amperometric sensors measure the current, which is proportional to the concentration of the
substance being tested. The current comes from the electrochemical reactions of oxidation or
reduction at the electrodes [14]. Amperometric was the type of sensor used in this work. The
current resulting from the chemical reactions was measured and the sensors were characterized
for glucose.

2.1.2

Carbon Nanofiber Electrochemical Sensors
Carbon nanofibers (CNF) can be grown as forests or single fibers. A forest of nanofibers

is a grouping of multiple fibers together that were grown from the same nickel catalyst. The size
of the catalyst determines the amount of fibers grown; a very small nickel dot (electron-beam
lithography) gives a single fiber and a larger nickel dot (photolithography) produces a forest of
fibers [1].
Very small diameter (less than 20 μm) electrodes perform very well for electrochemical
measurements [14]. Small electrodes have fast response times, high mass sensitivity, and small
size. The carbon electrode surface works well for electrochemical analysis for substances that are
5

easily oxidizable [15]. The exposed tips of the VACNFs have a diameter of approximately
80 nm, making the nanofibers an ideal electrode for amperometric electrochemical sensors.

2.1.3

Silicon-Compatibility
Carbon nanofibers make a valuable sensor because they are grown on silicon and can be

paired with other silicon-based components. The silicon-compatibility makes carbon nanofibers
an ideal candidate to be integrated with complementary metal-oxide-semiconductor (CMOS)
microelectronics such as signal processing circuits.
The carbon nanofiber growth process discussed in this work occurred at 700°C which
makes it extremely difficult to combine the nanofibers with CMOS on the same substrate.
Because the 700°C process would damage the CMOS transistors, the alternative for combining
CMOS and VACNF is to wire bond them together or try to transfer the VACNF to the CMOS
substrate. The VACNF growth at a lower temperature, instead of the high temperature PECVD
process could be more compatible with the CMOS processing.

2.1.4

Customizable Sensors
Carbon nanofiber sensors are customizable sensors because by varying the bonding

materials or the enzymes, they can attract a specific elements or specific molecules desired for
sensing. Table 2.1 lists some compounds that can be sensed with their corresponding binding
materials and electrode. Glucose is one example of a compound that can be detected using
carbon nanofibers and is presented in this work.

6

Table 2.1: List of some Analytes, Binding Materials, and Electrodes,
Showing the Customizability of Nano-Scale Sensors Made Using Carbon
Analytes

Binding Material
Nitro group

DNA

(4-nitrobenzenediazonium
tetrafluoroborate)

Organo Phosphate

Organophosphorus hydrolase
(OPH)

Sensor Electrode
Carbon nanotube /
Carbon nanofiber

Reference
[16]

Carbon nanotube

[17]

Amino Acid

Nafion

Carbon nanotube

[18]

Protein

Cytochrome c

Carbon nanofiber

[19]

2.2 Electrochemistry
2.2.1

Electrochemical Analyzer and Electrodes
Electrochemistry is the study of electrical measurements due to chemical reactions. The

electrochemical analyzer is able to gather the current given off by the chemical reactions
(amperometric i-t curves). It is also capable of providing a voltage and measure the current
(cyclic voltammetry and differential pulse voltammetry). There are three electrodes used by the
electrochemical analyzer: the working electrode, the reference electrode, and the counter
electrode [20].

2.2.2

Enzymes/Binding Materials
Enzymes (proteins) are efficient and highly selective catalysts that catalyze chemical

reactions in living organisms [21]. As mentioned previously in Section 2.1.4, the vertically
7

aligned carbon nanofibers can make customizable sensors by varying the binding materials. The
binding materials, when attached to the nanofibers, provide the means for the chemical reactions
to occur. The binding materials are selected to only attract the desired specific compound, which
makes the VACNF sensors selective.

2.2.3

Glucose Oxidation/Reduction Reactions
Glucose is one example of a compound that can be sensed using carbon nanofiber as a

biosensor. The enzymes used for the reduction and the oxidation (redox) reactions for glucose
are horseradish peroxidase (HRP) and glucose oxidase (GOx).
The equations below show the reactions involving glucose and the enzymes. The
enzymatic reaction in the first equation releases hydrogen peroxide and can be amperometrically
measured at the electrode surface. The process of Equation 1 is the oxidation of glucose in the
presence of GOx while the second process, shown in Equation 2, is the electrocatalytic reduction
of H2O2 by the HRP [21,22].

(1)
(2)

2.3 Glucose Monitoring
Diabetes mellitus, commonly called diabetes, is a form of metabolic disorder that can
affect various parts of the body from head to toe. There are two types of diabetes, Type 1 and
8

Type 2 [23]. Type 1 diabetes is typically diagnosed in children and young adults. People with
Type 1 diabetes have very little, if any, insulin produced in their pancreas so they have to take
insulin. Type 2 diabetes is associated with high blood glucose resulting from high insulin
resistance and relative insulin deficiency [24]. Insulin is a hormone produced in the pancreas. It
regulates the ingested sugar that enters the bloodstream as glucose. If the pancreas is not working
properly, too much sugar enters the bloodstream. If there is too much sugar in the bloodstream,
the body can begin to have various types of health issues [25].
The damage from diabetes can affect many organs. Diabetes contributes to heart disease,
vascular disease, kidney disease, diabetic retinopathy, blindness, nerve damage, frequent
infections, and circulation problems which can lead to foot/leg amputation [26].
Currently, there is ongoing research involving the possible connection between Type 2
diabetes and the development of Alzheimer’s disease. An understanding of just how the vascular
damage caused by diabetes can contribute to Alzheimer’s disease can be used to develop new
treatment schemes [27].
Since food consumption varies, hour to hour, day to day, it is important to routinely
monitor glucose levels. A glucose meter is used to monitor the level throughout the day, at
specific intervals. For those with high glucose levels, more frequent monitoring is necessary to
make sure the readings stay within target range. Typical monitoring involves a sometimes
painful finger or arm prick to draw a drop of blood. Knowing the glucose level provides the
necessary information to recognize how diet, medications and exercise impact the level to help
monitor and maintain a healthy glucose level [28].
This disease truly can do damage, some life-threatening, to the body. Due to expensive
supply cost, pain, and inconvenience, too many people do not monitor their glucose effectively
9

and on a timely basis. A better method to monitor glucose could improve the health of the
diabetic population.

2.3.1

Vertically Aligned Carbon Nanofibers as a Glucose Biosensor
Vertically aligned carbon nanofibers as a glucose biosensor may be an option in the

future for glucose monitoring. Because the nanofibers are very small, the sensor could one day
be implantable and transmit the data wirelessly when combined with transmitting circuits. A
single implant may be simpler and more effective than frequent skin pricking for glucose
monitoring. An implant would provide more frequent readings for better monitoring of the
impact of food and exercise on blood sugar.
This research studied the glucose concentrations of 0.5 mM to 20 mM because this range
covers the human glucose levels and a little beyond. The levels of interest are normal blood
glucose levels of approximately 4.4 to 6.1 mM, levels in diabetic patients which can vary
between 5.1 to 11 mM, and hypoglycemia levels of approximately 1 to 5 mM [29,30]. As
mentioned in Section 1.3, many commercial glucose meters have a range of 0.5-33.3 mM
(10-600 mg/dL) [11].

10

3

CHAPTER 3 –

MATERIALS AND METHODS

3.1 Fabrication of VACNF Sensor Electrodes
Vertically aligned carbon nanofibers are fabricated in a clean room that is capable of
fabricating thin films and semiconductors. To fabricate the VACNF electrodes, the first step is to
design the layout of the nanofibers on the silicon wafers. The size and locations of the catalyst
and interconnects are chosen based on the purpose of the VACNF or the type of sensor the
VACNF will become. The design drawing (layout) is fed into computer-aided drafting (CAD)
software that can write the photolithography masks. The photolithography equipment uses the
mask and ultraviolet light to define the desired pattern on the silicon substrate. In general, each
layer material requires its own mask. This VACNF fabrication used masks for the chromium
grid, interconnects, nickel dots and SU8 layer.
This section discusses the fabrication steps for making vertically aligned carbon
nanofibers. There are two different layouts used in this research because they differ in nanofiber
forest quantity and therefore, current sensing capabilities. The sensor design that has been
labeled design “A” consists of one connection pad with many nanofiber forests. Design “B” has
many pairs of one pad per nanofiber forest. After the nanofibers are grown on the silicon wafer,
the reservoir is attached around the nanofibers to retain the liquid under test.

11

3.1.1

Layout
For this project there were two different layouts used for the testing. Design “A” consists

of many forests of carbon nanofibers connected to a single pad. There were 36 samples per 4”
wafer. This layout was designed by Ms. Fahmida S. Tulip (University of Tennessee Ph.D.
student) and fabricated at Oak Ridge National Laboratory. Figure 3.1 shows the layout of a
single sample; the large square is the pad and the small square at the end of the interconnect is
where the nanofiber forests were grown.
Design “B” has one forest per pad, allowing each forest to be individually addressed.
There were nine 1”x1” samples per 4” wafer. Mr. Timothy E. McKnight from Oak Ridge
National Laboratory designed this layout. The wafers were fabricated by the author at ORNL’s
Center for Nanophase Materials Sciences (CNMS) as part of their User Access Program.

Figure 3.1: Design “A”: Layout of one sample of design “A”

12

Figure 3.2 shows the layout of design “B” to be realized on a 4” silicon wafer. Figure 3.3
is the layout of a single sample. Each interconnect (line) is connected to one pad around the
perimeter and to one forest of nanofibers in the center. Figure 3.4 is a close up of the center of
Figure 3.3. The astroid/tetracuspid shape [31] is where the interconnects become narrower as
they approach the nanofibers. The very center of Figure 3.4 is shown in Figure 3.5. A single
forest of nanofibers is located at the end of each interconnect (line). The numbers 11, 81, 18, and
88 show how the nanofibers are identified by column and row in the grid.

Figure 3.2: Design “B”: Layout for nine samples per 4” wafer [32].
13

Figure 3.3: Design “B”: Layout of one sample [32]. The pads are around
the perimeter and the nanofibers are in the center.

14

Figure 3.4: Design “B”: Close up of the center of Figure 3.3 [32]. The nanofibers
are in the very center of this astroid/tetracuspid [31] shape.

15

Figure 3.5: Design “B”: Close up of the center of Figure 3.4
showing the grid of nanofibers [32].

16

3.1.2

Fabrication Process

3.1.2.1 Chromium Grid
The chromium (Cr) grid outlines the samples and provides clear lines for the dicing as
shown in Figure 3.6. The grid is also important because it attracts the plasma arcs during the
nanofiber growth so that the arcs are less likely to land on the interconnects and damage them
[32].
This process was designed for a 4” (100 mm) silicon wafer that has a primary flat and is
about 475 to 525 μm thick. Thermal oxide (silicon dioxide) of 1000 Å was used to insulate the
nanofibers and the interconnects from the silicon substrate. Cr was deposited over the entire
surface by e-beam evaporation for 150 Å to help conduct the current during the nanofiber
growth. Then, SPR 220 CM 3.0 was spun at 3000 RPM for 45 seconds and then soft baked for
115°C for 90 seconds. Photolithography was used to define where the resist is removed for the
regions of the grid and the alignment marks. The wafer was exposed for 6.5 seconds at an
intensity of 9.94 mJ/cm2 using vacuum contact. It was then baked at 115°C for 90 seconds for
the post exposure bake and then developed in CD26 for one minute. The next step was to remove
the residual resist in the exposed regions by an oxygen plasma descum at 400 W for 60 seconds
to improve the adhesion of the next Cr layer. This layer was evaporated by e-beam for 1000 Å of
Cr. Acetone was used for liftoff and then the wafer was rinsed in acetone and isopropanol (IPA).
The Cr layer was inspected by microscope to make sure the grid was well defined [32].
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Figure 3.6: Design “B”: Chromium grid layout [32].

3.1.2.2 Interconnects
The following steps were taken to realize the interconnects and the pads. First the primer
P-20 was allowed to sit for 10 seconds and spun at 6000 RPM for 45 seconds. Negative tone
resist (NFR) was then poured on the wafer and spun slowly and poured to the edge at 300 to
6000 RPM for 45 seconds. The wafer was soft baked at 90°C for 90 seconds and then exposed
for 10 seconds at an intensity of 9.45 mJ/cm2 using vacuum contact. The post exposure bake was
at 90°C for 90 seconds. It was developed in CD26 for 10 seconds and then quickly rinsed in DI
water to stop the development. The interconnects and the contact pads were checked by optical
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microscope to make sure they were fully developed and then the wafer was put through the
descum for one minute at 400 W. Next, 900 Å of titanium (Ti) and then 200 Å of silicon (Si)
were deposited by e-beam evaporation. Shipley’s Microposit Remover 1165 which is a resist
removal solvent was used for the following steps. Lift-off was performed with 1165 for about an
hour with the ultrasonic cleaner. The 1165 was cleaned off with acetone and the ultrasonic
cleaner and then washed in isopropanol (IPA). Once again, the wafer was put through the
descum for one minute at 400 W to remove any remaining 1165 [32].

3.1.2.3 Nickel Dots
Nickel (Ni) is the catalyst where the nanofibers are grown. The size of the Ni dots
determines how many nanofibers are grown. The following are the steps taken to make the Ni
dots. First, SPR 955 CM 0.7 was spun at 3000 RPM for 45 seconds and then soft baked at 115°C
for 90 seconds. Photolithography was used to make the vias in the photoresist for the Ni catalyst.
The wafer was exposed for 10 seconds at an intensity of 9.45 mJ/cm2 using vacuum contact. It
was then baked at 115°C for 90 seconds for the post exposure bake. The next step was to develop
it in CD26 for one minute and rinse in DI water. The residual resist in the developed regions was
removed by the oxygen plasma descum for one minute. Nickel was evaporated onto the wafer by
e-beam until 500 Å were deposited. The resist was lifted-off using acetone and the wafer was
rinsed in IPA. A microscope was used to make sure that the entire resist was lifted off. Then the
surface was cleaned with the descum for five minutes at 400 W [32].

19

3.1.2.4 Grow Nanofibers
The carbon nanofibers grow (Figure 3.7) where the nickel catalyst is located at the end of
the interconnects. The wafer was clamped to the wafer holder so it could ground the excess
charge off the wafer. The PECVD chamber (Figure 3.8) was heated to 700°C and the gasses
were let in for the plasma (70 sccm of C2H2 and 200 sccm of NH3 for 25 minutes, 15 Torr, 1 A).
Then, the nanofibers and the interconnects were inspected and documented by a scanning
electron microscope (SEM). An O2 plasma etch was performed for one minute at 400 W to
remove the carbon on the surface. Then a reactive ion etch (RIE) dry and Cr etch were performed
for two minutes was done to remove the 150 Å of Cr. This etching was verified by microscope
and ohm meter. Then the surfaces are coated with silicon dioxide (SiO2) by PECVD for one
minute to deposit a 115 nm thickness of SiO2. Finally, the wafer was put through the descum for
one minute at 400 W to prepare the surface for the SU8 [32].

Figure 3.7: VACNF growth in PECVD chamber, image based on [1].
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Figure 3.8: PECVD chamber during growth.

3.1.2.5 SU8 layer
The SU8 layer (Figure 3.9) was added to protect the nanofibers. The wafer surface was
dehydrated by putting it on the hot place at 180°C for 10 minutes. The wafer was then cooled,
resulting in a complete covering of the wafer by SU8 2005 and was then spun on at 3000 RPM
for 45 seconds to reach a thickness of about 5 μm. The wafer was soft baked at 65°C for one
minute and then 95°C for two minutes. Photolithography was used to define the SU8 passivation
layer that protected the nanofibers and the interconnects. The wafer was exposed for 13 seconds
at an intensity of 105 mJ/cm2 total using proximity contact (20 μm distance) and then it went
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through a post exposure bake at 65°C for one minute followed by a bake at 95°C for three
minutes. The SU8 coated wafer was developed in SU8 developer for one minute and then
quickly stopped developing by IPA for one minute. The wafer was rinsed with IPA and then
dried by nitrogen [32].

3.1.2.6 Dicing
The SPR220 was used to protect the nanofibers and other parts during the dicing and was
removed afterwards. First, the wafer was baked at 180°C for 10 minutes. Then P-20 was spun at

Figure 3.9: Design “B”: SU8 layout to protect the nanofibers and
interconnects while exposing the pads [32].
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3000 RPM for 45 seconds, with a 10 second delay before spinning the SPR220 immediately
after. The SPR200 CM 3 was spun at 3000 RPM for 45 seconds. A soft bake at 115°C for 90
seconds was done next. Then the wafer was diced on the dicing machine. The wafer was attached
to the sticky plastic of the wafer holder and the machine was programmed to cut out nine
samples. Finally, the samples were removed from the holder and individually cleaned with
acetone to remove the resist. The SPR220 was removed by an acetone bath for five minutes and
then quickly into an IPA bath. If the acetone dries on the sample it can leave behind an unwanted
film. The samples were gently blown dry by nitrogen. To verify that all of the SPR220 was
removed, the corner two pads (Figure 3.10) (are shorted for continuity traces) were measured
with a multimeter to check resistivity and continuity.

Figure 3.10: Design “B”: Picture shows two of the corner pads shorted [32].
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The following photos show the wafers after fabrication. Figure 3.11 and Figure 3.12
show the samples of design “A” and Figure 3.13 and Figure 3.14 show the samples of design
“B”.

Figure 3.11: Photograph of one-fourth of the wafer of design “A”.
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Figure 3.12: Photographs of one sample for design “A” and
the sample glued to the glass slide.

Figure 3.13: Photograph of the wafer for design “B”.
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Figure 3.14: Photograph of one sample for design “B”.

3.1.2.7 Reservoir Fabrication
The reservoirs (Figure 3.15) were used because the samples that were tested were liquid
and needed to stay in contact with the nanofibers. Because the samples for design “A” were
small after dicing, they were glued to a glass microscope slide to support the reservoir. The “B”
samples were about one square inch after dicing so the wafer was large enough to support the
entire reservoir. The samples were glued to a glass microscope slide to help prevent chipping or
breaking of the wafer from the alligator clip during testing. The glue works best to let it fully dry
for 24 hours.
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Figure 3.15: Photographs of the reservoir for design “A” and “B”.

3.2 Experimental Process
After the reservoir is attached, the nanofiber sample is ready to be used for testing. The
testing for ruthenium hexamine trichloride (Ru(NH3)6Cl3) does not use the enzymes (glucose
oxidase (GOx) and horseradish peroxidase (HRP)). The testing for the glucose requires these
enzymes, which were applied with a micropipette to the nanofibers at 1 μL each. The enzymes
were left to air dry for 24 hours at room temperature.
The next step is to add the liquid to be tested to the reservoir, either the ruthenium
hexamine trichloride or the glucose and phosphate buffered saline (PBS). The PBS is used to
simulate the human body fluid containing blood and glucose. The minimum amount of liquid is
approximately 200 μL to ensure that the electrode will get good contact. The reservoirs can hold
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approximately 500 μL of liquid. Through experimentation, it was found that about 300 to 400 μL
is the best volume to work with for testing.
The CHI660D electrochemical analyzer (CH Instruments, Inc.) has the reference, the
working, and the counter leads ending in alligator clips. The reference and the counter leads are
connected to the Ag/AgCl reference electrode and the pad of the sample is connected to the
working lead (Figure 3.16). Figure 3.17 shows the setup connecting the sample to the
electrochemical analyzer and the computer.
The electrode was placed approximately 1 mm from the VACNFs so that the electrons
can reach the electrode without damaging the nanofibers. The holder in Figure 3.16 was designed
to aid in the repeatability of the experiments. It is a round disk of wood with a hole in the middle
for the electrode. The clamp and the holder were not moved during testing. The samples were
attached to the wafer holder, which was used as the sample support system for a consistent
height and ease of attaching the working electrode to the pad. After setting up the sample on the
base and connecting the working electrode, the reference and counter were attached to electrode,
which was then inserted into the liquid under test in the center of the reservoir.
After the Ag/AgCl electrode is connected to the reference and the counter leads, the
electrode is placed in the liquid for testing. Then, the computer software is setup to gather the
data. The hardware test is first performed to make sure it is on and is working properly. Next, the
type of test is selected, for example, “Cyclic Voltammetry,” “Differential Pulse Voltammetry,”
or “Amperometric i-t Curve.” The settings for the selected test are then input and then the test is
run. The data can be saved and also can be overlapped with previous data for comparison using
in the software.
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Reference
Counter

Holder
Electrode
VACNF and
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Figure 3.16: Testing setup for connecting the electrode and sample. The working electrode is
connected to the pad of the VACNF and the reference and the counter electrodes are connected
to the electrode inserted into the liquid under test.
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Figure 3.17: Testing setup to connect the sample to the electrode,
electrochemical analyzer, and computer.
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4

CHAPTER 4 –

RESULTS AND DISCUSSION

4.1 Carbon Nanofiber Documentation
4.1.1

Scanning Electron Microscope (SEM) Images
The SEM images were taken with the wafer in a horizontal position and tilted at an angle

of 30°. The horizontal wafer shows a top view of the layout that includes the interconnects and
the tips of the nanofibers (as dots). When the wafer was tilted at 30° the nanofiber height was
measured. Due to the angle, the actual height is twice the measured value (trigonometry).
The following figures are SEM images for the “A” design. Figure 4.1 shows the end of
the interconnect where the nickel dots were placed and Figure 4.2 is a close up of some of the
nickel dots. Figure 4.3 and Figure 4.4 show the carbon nanofiber forests that were grown from
nickel dots. The forests are approximately 22 μm tall.
Most “B” nanofibers range between 16 and 20 μm in height, depending on the wafer of
origin. The nanofibers can reach about 28 μm if they are grown for two additional minutes. The
individual fibers are approximately 80 nm wide.
The following figures are SEM images for the “B” design. Figure 4.5 shows the
nanofibers in the very center and the interconnects leading away from them. Figure 4.6 shows
the array of nanofibers and how the interconnects are connected. Figure 4.7 shows examples of
average carbon nanofiber forests each grown from a nickel dot. The fibers are 18.6 and 20.5 μm
tall, respectively. Figure 4.8 shows examples of taller nanofibers that are 24.5 and 28 μm tall.
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Figure 4.1: SEM image of the end of the interconnect showing the array
of nickel dots (design “A”). ≈308 μm by 308 μm. Image taken by F.S. Tulip.
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Figure 4.2: SEM image of some of the nickel dots (design “A”). Each dot is
approximately 5 μm in diameter. Image taken by F.S. Tulip.
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Figure 4.3: SEM image of nanofiber forests (design “A”).
Image taken by F.S. Tulip.

Figure 4.4: SEM image of the top view of the nanofiber forests (design “A”).
Images taken by the author.
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Figure 4.5: SEM image showing the nanofibers and some of the
interconnects (design “B”). Image taken by the author.
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Figure 4.6: SEM image of the nanofibers (design “B”). Image taken by the author.
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Figure 4.7: SEM images of an average nanofiber forest (design “B”).
These are 18.6 and 20.5 μm tall. Image taken by the author.

Figure 4.8: SEM images of a taller nanofiber forest (design “B”).
These are 24.5 and 28 μm tall. Image taken by the author.
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Figure 4.9: SEM image of a single nanofiber (design “B”). The tip
width is measured to be 81.5 nm. Image taken by the author.

Figure 4.9 shows a single nanofiber whose tip width was measured to be about 81.5 nm. The
image appears blurred due to charging in the SEM.

4.1.2

Additional Data from the Scanning Electron Microscope (SEM)
The SEM equipment is also able to provide other data besides the pictures and the

distance/height measurements. The SEM can take the scanning area and tell what elements are in
each location, which is known as energy-dispersive x-ray spectroscopy (EDS) [33]. The
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following SEM data and images were taken with the assistance of Mr. Dale Hensley of Oak
Ridge National Laboratory.
The SEM image in Figure 4.10 shows the carbon nanofiber forest that was examined and
the three locations where data was collected. Figure 4.11 shows the locations of various atoms as
detected by the K or Kα emissions. The first image, in red, is for Ni (nickel) and shows that the
nickel has some atoms covering the wafer, likely due to the atoms migrating from the nanofiber
tip during growth. The location of the tip does show a higher concentration of nickel atoms. The
second image, in green, shows the C (carbon) atoms clearly at a higher concentration where the
nanofibers are located. The third image, in blue, shows that the entire wafer is Si (silicon) and is
coated in a thick silicon dioxide. The fourth image, in cyan, shows the location of the O (oxygen)
atoms. The oxygen concentration is higher where the nanofibers are located because it is four
different layers of oxygen (from silicon dioxide): the front and back of the nanofibers, the
surface which was coated with the silicon dioxide at the same time as the fibers and also the
thick thermal oxide covering the entire wafer. The fifth image, in fuscia, shows the location of
the Ti (titanium) atoms. Titanium is also behind the nanofibers so it is not clearly seen in the
picture.
The following tables and graphs are data from the locations mentioned in Figure 4.10: the
nanofiber tip, the nanofiber body, and the interconnect. Table 4.2 shows the elements, C, O, Si,
Ti, and Cr, as detected by the energy-dispersive x-ray spectroscopy (EDS) elemental analysis.
Figure 4.12 also demonstrates that on the interconnect there is a substantial amount of O, Si, Ti,
and Cr and little C. The interconnect was made using Si and Ti, and it has Cr, O, and Si
underneath it.
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Figure 4.10: SEM image of one carbon nanofiber forest, showing the locations that data was
taken: the fiber tip, the fiber body and the interconnect.
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Figure 4.11: EDS elemental analysis showing the major elements present given by the
K or Kα radiation. The colors represent where atoms of each element are located.

The nanofiber tip data is shown in Table 4.3 and Figure 4.13. The tip data does not show
Ni because the Ni can be consumed during the fiber growth. Some SEM images do show the Ni
on the nanofiber tips, especially if the fibers are grown for less time and do not reach their peak
height. Due to the high temperature growth the Ni atoms occasionally migrate off the tip, which
causes single carbon nanofibers to grow in unexpected places either on the interconnect or
elsewhere on the substrate.
The last data of this type is shown in Table 4.4 and Figure 4.14 for the body of the
nanofiber. This data shows that Ni was detected. The growth of the nanofiber is the primary
method of the Ni consumption and some of the Ni ends up on the sides of the nanofibers.
Si Kα and Si Kβ collapse into one main peak at 1.74 keV because the energy separation
of the K family is too small for the EDS system resolution. The Si peaks looks nearly Gaussian
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because the relative height of the Kβ peak is much smaller than the Kα peak. High concentrations
of O (K peaks) tend to dominate the spectrum and reduce the visibility of the Ti L and the Cr L
peaks [33].
Although tungsten (W) shows up in the data, it was not used during fabrication. Tungsten
(peak for W Mα1 1.775 keV) is one of the elements that commonly interferes with the detection
of silicon’s peaks (Si Kα1,2 1.739 keV and Si Kβ2 1.835 keV). After the completion of the
fabrication, it was learned that there are a few methods to improve the detection which eliminate
the plotting of the tungsten data [33,34].
To provide an adequate overvoltage to excite the x-ray peaks the beam energy should be
at least 1.5 times the energy level of the atoms measured [33]. This data was collected at 12 keV
due to the Kα emission values of the elements examined with a factor of 1.5. Too high of an
energy damages the sample and too low of an energy does not detect enough heavier atoms. If
this research was detecting unknown elements, it would be better to detect the emissions of both
the K and the L families. By having both families on the display the element can be confirmed as
being present. Because the elements used during fabrication are known, then only one family is
sufficient. Table 4.1 displays the published values where the Kα, Kβ, Lα, Lβ, and Mα photon
emissions occur for each element used during fabrication as well as tungsten. The gray shaded
cells of the table are the emission values displayed in the data sets on the next few pages. The
white cell for the Ni K family was not detected because the provided energy of 12 keV is not
enough to be greater than 1.5 times the emission value of the Ni atoms (about 7.5 and 8.3 keV).
The higher emission energies for W would not be displayed because it was not present. As
mentioned previously, the W Mα peak is unintentionally “detected” due to its interference with
the Si.
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Table 4.1: Photon Emission Energies, in Kilo-Electron Volts,
from the Values Given in [34].
Photon Emission Energies (keV)
K Family
L Family M Family

Number

Element

6

C

0.277

8

O

0.5249

14

Si

22

Ti

24

Cr

28

Ni

74

W

1.73998
1.73938
1.83594
4.51084
4.50486
4.93181
5.41472
5.405509
5.94671
7.47815
7.46089
8.26466
59.31824
57.9817
67.2443
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0.4522
0.4522
0.4584
0.5728
0.5728
0.5828
0.8515
0.8515
0.8688
8.3976
8.3352
9.67235
9.9615
11.2859

1.7754

Table 4.2: SEM Spectrum Data for the Interconnect
unn. C

norm. C

Atom. C

Error

[wt.%]

[wt.%]

[at.%]

[wt.%]

4831

2.76

2.03

4.29

0.5

K-series

139808

48.40

35.62

56.49

5.4

14

K-series

274948

36.30

26.71

24.13

1.5

Ti

22

K-series

60146

29.79

21.92

11.62

1.0

Cr

24

K-series

8534

6.13

4.51

2.20

0.2

W

74

M-series

56732

12.52

9.21

1.27

0.5

Total:

135.89

100.00

100.00

El

AN

Series

Net
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6
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8
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Figure 4.12: EDS elemental analysis presenting the major
elements present on the interconnect
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Table 4.3: SEM Spectrum Data for the Nanofiber Tip
unn. C

norm. C

Atom. C

Error

[wt.%]

[wt.%]

[at.%]

[wt.%]

723

2.79

2.07

4.37

0.7

K-series

20614

48.35

35.92

56.85

6.2

14

K-series

39692

35.42

26.31

23.73

1.5

Ti

22

K-series

8733

29.16

21.66

11.46

1.0

Cr

24

K-series

1217

6.39

4.75

2.31

0.3

W

74

M-series

8336

12.49

9.28

1.28

0.6

Total:

134.59

100.00

100.00

El

AN

Series

Net

C

6

K-series

O

8

Si

200

cps/eV

180

160

140

120
W
100
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W
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20

0
0

1
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Figure 4.13: EDS elemental analysis presenting the major
elements present on the nanofiber tip
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Table 4.4: SEM Spectrum Data for the Nanofiber Body
unn. C

norm. C

Atom. C

Error

[wt.%]

[wt.%]

[at.%]

[wt.%]

13676

8.71

6.59

11.78

1.2

K-series

191481

59.83

45.28

60.76

6.6

14

K-series

253204

39.79

30.11

23.02

1.7

Ti

22

K-series

9878

6.40

4.84

2.17

0.2

Cr

24

K-series

1646

1.49

1.13

0.47

0.1

Ni

28

K-series

723

2.10

1.59

0.58

0.2

W

74

M-series

52716

13.82

10.46

1.22

0.6

Total:

132.13

100.00

100.00

El

AN
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Net
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Figure 4.14: EDS elemental analysis presenting the major
elements present on the nanofiber body.
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The EDS elemental analysis was also performed to document the interconnects. Figure
4.15 shows the SEM image of the area observed. The spot behind the carbon nanofiber forest is
darker due to charging that occurred while taking the previous images and the data. This image is
zoomed out from Figure 4.10.
EDS elemental analysis displayed in Figure 4.16 shows that there is a small amount of Ni
and C on the wafer. The third and the fourth images, for Si and O, show that there is some silicon
dioxide on the interconnects. The concentration is higher where the interconnects are not located

Figure 4.15: SEM image of the interconnects and one nanofiber forest.
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Figure 4.16: EDS elemental analysis showing the major elements, similarly
to Figure 4.11. These images clearly show the interconnects.

due to the silicon wafer and the thick thermal oxide on which everything is fabricated. The last
image clearly shows that the only places to have Ti are at the interconnects, as expected.
The EDS was also able to plot the element concentration while scanning through the fiber
to the tip and interconnect, following the green arrow on the nanofiber image (Figure 4.17). The
Si content is uniform throughout due to the Si wafer, thermal oxide, and Si interconnect layer
remaining the same throughout the scan. The O is higher where the nanofiber is located because
the front and the back of the nanofiber were coated with protective oxide. The lower
concentrations of Ni and C were more difficult to detect. For example, during data collection, the
Ni was barely seen on the bottom of the plot except for its peak (likely due to the computer
display not on a logarithmic plot).
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Figure 4.17: EDS elemental analysis showing the change of the elements as
it is scanned through the nanofiber body, the tip and the interconnect.

4.2 Carbon Nanofiber Characterization
Ruthenium hexamine trichloride (Ru(NH3)6Cl3) [1] is used to characterize the carbon
nanofibers to make sure they are working properly because it has oxidation and reduction peaks
[15] that are clearly seen. Figure 4.18 shows the oxidation and the reduction peaks at -0.19 V and
-0.11 V, respectively.
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Figure 4.18: Cyclic voltammogram of ruthenium hexamine
trichloride (2.5 mM) for nanofiber characterization.

4.3 Cyclic Voltammetry
Cyclic voltammetry (CV) plots were generated by scanning the potential back and forth
according to the settings programmed (low voltage and high voltage). The starting voltage is
selected so the species under investigation are not initially oxidized or reduced. The minimum
and the maximum voltages are selected so that the oxidation or the reduction process occurs
within the range [20]. Most data gathered ranged from -1 V to +1 V and was plotted against the
current. The scan rate was typically set to 0.1 V/s using a sample interval of 0.001 V. The sweep
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segments value is one half of a cycle and most data was gathered when the sweep segments
equaled two, in order to make a full cycle. The sensitivity was set between 1e-9 and 1e-6 (A/V)
depending on which sample was used because too high sensitivity caused it to read “overflow”
[35].
A cyclic voltammogram of phosphate buffered saline (PBS) (150 mM, pH 7.4) (Figure
4.19) was taken as a baseline for the data using the sample “A”. Because it is only a buffer,
reaction peaks were not expected.

Figure 4.19: Cyclic voltammogram of phosphate
buffered saline (PBS) for design “A”.
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Cyclic voltammograms of glucose were taken using sample design “A” to compare the
current for molarities varying from 1 mM to 5 mM. Figure 4.20 shows that the current increases
as the glucose concentration increases. The reduction peaks near -0.79 V are the reactions for the
glucose. One reason for the peaks by 0 V may be the reaction,

that occurs at 0.00 V [36]. Figure 4.21 shows the current (at the glucose peaks ≈ -0.79 V) versus
the glucose concentration. This relationship is nearly linear, with a R2 value of 0.9156.

Figure 4.20: Cyclic voltammogram of PBS and glucose (1 mM to 5 mM), design “A”. The arrow
indicates lower to higher glucose concentrations.
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Figure 4.21: Output current versus glucose concentration in
150 mM PBS solution for design “A”.

A comparison of current sensing abilities between design “A” and design “B” is shown in
Figure 4.22. Because design “A” has many more forests of nanofibers, it can detect more current.
For each pad connection, sample “A” has about 900 forests while “B” has a single forest. In this
figure, the left y-axis shows the current values for “A” (dashed line) and the right y-axis shows
the current values for “B” (solid line). The current sensing abilities of “A” are about 100 times
that of “B”.
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Figure 4.22: Cyclic Voltammogram plot of PBS for design “A” and design “B”.

Cyclic voltammograms of glucose were taken to compare the current for molarities
varying from 5 mM to 20 mM. Figure 4.23 shows that the current increases with the increase in
glucose concentration. The peaks for the glucose reaction occur around -0.75 V.

4.4 Differential Pulse Voltammetry
Differential pulse voltammetry (DPV) is a good method to measure trace amounts of
organic or inorganic samples. It is usually able to detect limits of the order of 10-7 M [20]. DPV
is made of fixed pulses superimposed on a linear potential incline. The current is measured just
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Figure 4.23: Cyclic voltammogram of PBS and glucose (5 mM to 20 mM) for sample
design “A”. The arrow indicates lower to higher glucose concentrations.

before the pulse and at the end of the pulse. The difference in these currents is plotted versus the
voltage. The current peak height is directly proportional to the concentration of the analytes [21].
The pulse width, the amplitude and the period are values that are programmed into the
software. The initial and the final potentials are also programmed as the values at the bottom of
the ramp to the top of the ramp [35]. Figure 4.24 (corresponding with Figure 4.23) shows a DPV
for 5, 10, 15, and 20 mM glucose where the glucose peaks occur approximately at -0.75 V.
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Figure 4.24: Differential pulse voltammogram for glucose
(5, 10, and 20 mM) for design “A”.

4.5 Amperometric i-t Curve
For the amperometric i-t curve, the current is measured versus time when a constant
potential is applied. The sensitivity (A/V), the initial potential (V), the run time (sec), and other
settings can be programmed in the software [35]. The amperometric i-t curve in Figure 4.25
shows that the current decreases over time and that when glucose is added to the test sample the
sensor stabilizes quickly. Each small spike represents an addition of glucose. The initial potential
was set at -0.7 V.
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Figure 4.25: Amperometric response in pH 7.4 PBS and
5 mM glucose for design “A”.

4.6 Data Summary
The scanning electron microscope images have shown that the vertically aligned carbon
nanofibers have grown properly. The nanofibers are standing upright and form forests. The
energy dispersive x-ray spectroscopy data show the different elements present in each location,
on the fiber, on the interconnect and on the fiber tip.
The data collected by the electrochemical analyzer has shown that the VACNFs work
properly and detect various concentrations of glucose. The cyclic voltammogram of ruthenium
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hexamine trichloride had the desired oxidation and reduction peaks demonstrating the proper
operation of the nanofibers. The CV tests of glucose and PBS showed that the current increases
as the glucose concentration increases. CV tests are important because if the starting point and
the ending point meet the reactions (peaks) are completely reversible. The differential pulse
voltammogram plot has shown that the current peak heights are proportional to the concentration
of the glucose. The amperometric i-t curve shows that the electrochemical analyzer and the
VACNF are sensitive enough to detect small additions of glucose to the glucose sample under
test.
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5

CHAPTER 5 –
CONCLUSION

5.1 Summary
This work has presented the fabrication and characterization of vertically aligned carbon
nanofibers (VACNF) as electrochemical sensors. The sensors are customizable which allow
them to be used for many purposes. They are a potential candidate for lab-on-a-chip systems
because they are fabricated on silicon and can be combined with other silicon-based electronics.
The fabrication of vertically aligned carbon nanofibers has been discussed in this thesis.
The reservoirs were glued around the nanofibers to retain the liquid under test. During the
fabrication many SEM images were taken to verify proper carbon nanofiber growth.
The VACNF sensors successfully detected ruthenium hexamine trichloride and glucose
chemicals through amperometric electrochemical measurements. Ruthenium hexamine
trichloride was used as a test to ensure proper functioning of the nanofibers by observing the
reduction and the oxidation peaks. Glucose is one example of an analyte that can be detected and
measured by the carbon nanofibers by varying the concentration. The cyclic voltammetry data
has shown that the current is directly related to the glucose concentration. The differential pulse
voltammetry displayed the peaks similarly to the CV data. The amperometric i-t curve data
demonstrated that the electrochemical analyzer is sensitive to small glucose additions. Vertically
aligned carbon nanofibers with immobilized enzymes make selective and sensitive
electrochemical biosensors.
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5.2 Future Work
Future improvements for this work could be to improve the fabrication by altering the
layout design to reduce the arcs and increase the pad size. Another option is to wire bond the
current samples to a printed circuit board (Figure 5.1) for easier connections for testing. Mr.
Timothy E. McKnight of Oak Ridge National Laboratory designed this example board. Another
design addition could include microfluidics to bring the liquid sample to the carbon nanofibers
for testing.

Figure 5.1: Example of a printed circuit board for the “B” samples.
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Using different fabrication facilities could allow for low-temperature carbon nanofiber
fabrication and direct combination with silicon-based circuits on a single wafer. It would also be
an improvement to find a method to more permanently bind the enzymes to the nanofibers.
This work presented glucose as a test sample for the carbon nanofiber electrochemical
sensor. Future work could include detecting the concentrations of other analytes such as those
listed in Table 2.1.
Future testing of glucose can include the introduction of other species to mimic the
testing of blood and observing if the other species interfere with the detection of glucose
concentration. The sensors could also be tested using human blood and compare their sensing
capabilities to actual glucose meters used by diabetic patients.
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